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INTRODUCTION
The tricarboxylic acid (TCA) cycle comprises a series of chemical
reactions which bring about the complete oxidation of acetate to carbon
dioxide and water. When acetate mast serve both as a source of energy
and as a source of various intermediates required to synthesize the
carbon skeletons of the major cellular components, the simultaneous
operation of both the TCA. and glyoxylate cycles is required. The
overall function of the glyoxylate cycle is the conversion of two
molecules of glyoxylate to succinate which then can be used in the TCA
cycle or converted to phosphoenolpyruvate for carbohydrate synthesis.
The glyoxylate cycle does not occur in higher animals but is prominent
in bacteria, yeasts, protozoa, filamentous fungi, and tissues

f

. higher

plants. Isocitrate is a common intermediate in both the TCA and
glyoxylate cycles. Since the TCA cycle is the major oxidative pathway,
an elucidation of the metabolism of isocitrate, and particularly the
control of this metabolism, represents a major step in the ultimate
understanding of cellular growth.
The control of isocitrate metabolism through the TCA cycle has
been studied in both prokaryotic and eukaryotic systems. In mammalian
and yeast systems, there are two distinct types of isocitrate dehydrogenases (IDH) which function in the metabolism of isocitrate. One form
requires nicotinamide adenine dinucleotide phosphate (NADP+) as a
cofactor while the second is specific for nicotinamide adenine
dinucleotide (NAD+) and is activated by adenosine monophosphate (AMP)

and citrate. In contrast, in most of the bacterial systems studied,
only the NADP+-specific form of the enzyme is present although seme
bacterial species such as Xanthcmonas pruni have both enzymes (Ragland,
et al, 1966). Thus in nonbacterial systems, the metabolism of isocitrate
may be controlled not only by the relative activities and amounts of
the NAD+-specific and the NADP+-specific enzymes, and their cellular
location, but also by the intracellular levels of AMP, which are
affected by the overall metabolism of the cell. Also, the metabolism
of isocitrate via the TCA cycle may be regulated by isozymes of IDH
which are present in the cell under different growth conditions.
Within the past few years, several NADP+-specific isocitrate
dehydrogenases (threo-Ds(+)-isocitrate; NADP + : oxidoreductase
[decarboxylating]; E. C. 1.1.1.42) have been purified to varying degrees
of homogeneity and studied extensively following isolation from bacteria,
yeast, and vertebrates. Little, if any, work has been done with filamentous fungi.
Recently, a number of bacterial NADP -specific isocitrate
dehydrogenases, especially from strains of Azotobacter vinelandii,
have been isolated and their properties studied. Barrera and Jurtshuk
(1969, 1970) reported that the Michaelis constants (Km's) of IDH of
A. vinelandii, strain 0, for DL-isocitrate and NADP were, respectively,
3.6 x 10~ 5 and 1.8 x 10~ 5 M. This enzyme required 5.0 x 10~ 4 M M n 2 +
for maximum activity but was also partially activated by Mg 2 , Co 2 ,
and Cd 2 + . NADP+-specific IDH of strain ATCC 9104 of A. vinelandii
was isolated by Chung and Franzen (1966) and Km's of 2.3 x 10~ 5 M
for NADP + and 2.0 x 10" 5 M for threo-Ds-isocitrate were determined.

The enzyma was maximally activated by either 6 x 10~ 4 to 2 x 10" 2
M Mg 2 or 10~ 2 M Mn 2 + . The purine inucleotides 2'-AMP, 3'-AMP, 5'-AMP,
3', 5'-cyclic AMP, ADP, and ATP resulted in slight inhibition.
Hampton and Hanson (1969) studied NADP+-specific IDH from Pseudomonas
flourescens. The Rm's for isocitrate and NADP + were 1.5 x 10~ 5 M and
1.8 x 10~ 5 M, respectively. The purine nucleotides AMP, ADP, and
ATP competitively inhibited enzyme activity.
The inhibition of NADP+-specific IDH by halide salts from obligate
halophiles of the Genus Halobacterium has been studied by Hubbard and
Miller (1969) and Aitken, et al (1970). Isocitrate dehydrogenase of
H. cutirubrum was completely stabilized when the buffer contained more
than 3 M NaCl (Hubbard and Miller, 1969). Enzyme stabilization was
proportional to salt concentration when the concentration was less than
3 M. Complete stabilization was also achieved in the pressure of both
94-

lsocitrate and Mn

. Enzyme activity lost due to low concentrations

of salt was restored by increasing the salt concentration to 3 M but
not by adding isocitrate and Mn

. The Kn's were not determined. The

enzyme kinetics of IDH of the halophile H. salinarium were affected
by the presence of either NaCl or KC1 (Aitkin, et al, 1970). The
Kn's for isocitrate and NADP + varied with different concentrations
of the two salts. The kinetics of divalent metal cations were not
studied.
Isozymes of bacterial NADP+-specific isocitrate dehydrogenases
have been detected and characterized to some extent. Isozymes are forms
of an enzyme catalyzing the same reaction but differing in molecular
weight, kinetic properties, and electrophoretic mobilities (Self and
Weitzman, 1970). Self and Vfeitzman (1970) using gel filtration and

and ion exchange chraratography detected two NADP+-specific IDH
isozymes which differed in kinetics, molecular weight, and electrophoretic properties in Acinetobacter lwoffi. The enzymes were isolated
by zonal centrifugation.
The NADP+-specific IDH from Escherichia coli has been isolated
and the isozymes studied.

Reeves, et al, (1968) employing disc

polyacrylamide electrophoresis and ion exchange chranatography, isolated
and partially purified two NADP+-specific IDH isozymes in E. coli grown
on media containing glucose as the sole carbon source. Both of the
isozymes were specific for NADP+ and required Mn 2 + or Mg 2 + for activity.
One of the isozymes was extremely labile at 0 C in the presence of urea.
In 1971, Rowe and Reeves demonstrated by disc gel electrophoresis various
bacterial NADP -specific isocitrate dehydrogenases which had different
mobilities but required the same divalent cation (Mn ) for activity.
In a later study Reeves, et al (1972) purified and characterized one of
the isozymes of NADP -specific IDH of E. coli, strain K-12. The isozyme
was sensitive to temperatures below 23 C and had a broad pH optimum.
The Km's for threo-Ds(+)-isocitrate, NADP+, Mg 2 + were 1.56 x 10~ 5 , 3.7
x 10~ 5 , 1.27 x 1CT4, and 1.29 x 10~ 5 M, respectively. Manganese ion
was ten times more effective than the Mg^1 .
The enzyme has been studied in algae. As early as 1966, Danforth
and Hunter studied the. properties of NADP+-specific IDH of Euglena
gracilis var. bacillaris. This enzyme did not follow Michaelis-Menton
kinetics with respect to substrate and NADP+ concentrations. The
KTti for isocitrate was 3.0 x 10""5 M. NADP+, at a concentration of 6.0
x 10~ 5 M, resulted in the maximum reaction velocity (Vmax) . Fresh
extracts showed one enzyme band but frozen extracts had two distinct

bands in polyacrylamide gels.
The enzyme has also been detected and studied in fish. Moon
and Hochachka (1971) detected and characterized NADP+-specific IDH
from the rainbow trout liver, but could not detect the NAD+-specific
enzyme. There were three NADP+-specific isozymes whose concentrations
depended upon the temperature of the environment. The Kn's for
isocitrate and NADP + also varied in magnitude with temperature. The
trout enzymes utilized both M g 2 + and Mn

. The Km's for Mg24" were

essentially temperature independent and had a range of 3.3-3.8 x 10~ 5
M for the cold-adapted enzyme and 2.3-2.6 x 10~ 5 M for the warm-adapted
9+
enzyme. The Km and Mnr of the warm-adapted IDH was not calculated
but was estimated to be "five times smaller than the Kn for Mg 2

for

the cold adapted enzyme."
NADP+-specific IDH from rat and mouse liver has been studied
extensively by a number of investigators (Hogeboom and Schneider, 1950;
Ernester and Navazio, 1956; and Lowenstein, 1961).

Hogeboom and

Schneider (1950), using ultracentrifugation, fractionated mouse hepatocytes and employing differential ultracentrifugation, detected 12% of
the total NADP+-specific IDH activity in the mitochondrial fraction
and 82% of the activity in the final supernatant or cytoplasmic fraction.
Emster and Navazio (1956) studied the distribution of the NAD+-linked
and NADP+-specific isocitrate dehydrogenases in rat hepatocytes. The
NAD -specific enzyme was present only in the mitochondria, but the
NADP+-specific IDH occurred in mitochondria (10%) and in the cytoplasm
(90%). Lowenstein (1961) studied the distribution and biochemistry
of the conversion of acetate to alpha-ketoglutarate in the rat liver.

He proposed that the function of the cytoplasmic NADF+'-specific IDH
is to generate NADPH for use in other biosynthetic pathways.
In fungi, the NADP+-specific IDH has been studied in yeast but
has not been studied extensively in the filamentous fungi (Kbrnberg
and Pricer, 1951; Atkinson, et al, 1965; Bernofsky and Utter, 1967;
and Cennamo, et al, 1967). Kornberg and Pricer (1951) studied NADP + specific IDH in baker's yeast. Using a partially purified enzyme,
they determined that the Km for (+)-isocitrate was 4.0 x 10~ 5 M and
that similar concentrations of M n 2 + and Mg2"1" resulted in equal
stimulation of enzyme activity. The Km for NADP + was not determined.
The enzyme was inhibited by ammonium molybdate. Bernofsky and Utter
(1967) detected NADP+-specific IDH in yeast mitochondria and noted
an increase in activity when the mitochondria were treated with the
bile salt deoxycholate. Tsao (1962), using crude extracts of several
wild strains of Neurospora crassa, detected one NADP+-specific IDH
band in starch gel columns. La Nauze (1966) examined both the NAD + specific and the NADP+-specific isocitrate dehydrogenases of
Aspergillus niger in relation to citric acid production. She found
that both isocitrate dehydrogenases were present throughout the incubation period when the fungus was grown on a citric acid accumulation
medium, but when grown on a nonaccumulation citric acid medium, the
enzymes were present in lower concentrations. La Nauze concluded
that the lack of a significant difference in the activities of the
isocitrate dehydrogenases and aconitase in two strains of the fungus
could not account for the observed differences in their ability to
accumulate citric acid.

Since the NADP+-specific IDH has not been adequately studied in
filamentous fungi, the present study was undertaken to partially purify
and characterize the NADP+-specif ic IDH fraid Phycomyces blakesleeanus.

MATERIALS AND METHODS
Chemicals
Protamine sulfate, NAD + , NADP + , phenazine methosulfate, nitro
blue tetrazolium, dithiothreitol, threo-Ds(+)-isocitrate (monopotassium
salt), and reduced glutathione were obtained fran Sigma Chemical Company.
Ultrapure enzyme grade ammonium sulfate was the product of Schwarz
Mann. Acrylamide (electrophoretic purity), N, N, N 1 , N'-tetramethylethylenediamine (TEMED), N, N'-^methylenebisacrylamide, and 2-mercaptoethanol were obtained from Eastman Organic Chemical Company. DLisocitrate (trisodium salt, allo-free) and alpha-ketoglutarate were
from Calbiochem; oxaloacetic acid, ATP (disodium salt), 5'AMP, and
ADP were obtained from Nutritional Biochemicals Company. All other
compounds were of reagent grade and were purchased fran various sources.
Buffer Systems
The following buffer systems were used during enzyme purification:
(a) sonicating buffer composed of 0.01 M potassium phosphate (pH 7.5)
containing 0.5 M NaCl; and (b) citrate-phosphate buffer (pH 6.8) composed
of 4 mM citric acid, 8 mM sodium phosphate (monobasic), and 10% glycerol
(v/v).
Enzyme Assay
Isocitrate dehydrogenase was assayed by following the reduction
of NADP + at 340 nm at 25 C on either a Baufich and Lomb Spectronic 505
Recording Spectrophotcmeter or a Cary 14 Recording Spectrophotcmeter.
8

The latter spectrophotometer was employed only for the kinetic studies.
The reaction mixture contained 150 niM potassium phosphate buffer at
PH 7.5, 0.5 irM MnCLjMI^O, 0.66 mM MADP + , 3.1 nM DL-isocitrate (allofree), water and enzyme in a total volume of 1.0 ml. The reaction was
started by the addition of the isocitrate. One unit of enzyme activity
was expressed as that amount of enzyme causing the reduction of one
umole of NADP + per minute. Specific activity was expressed as units
per mg of protein.
Protein Determination
Protein concentration was determined by the spectrophotometric
method of Waddell (Murphy and Kies, 1960) using a Bausch and Lcmb
Precision Spectrophotometer at 25 C.
Polyacrylamide Disc Gel Electrophoresis
A stock mixture of 100 g of acrylamide and 3.67 g of N, N 1 methylenebisacrylamide was used in the preparation of all gels. From
this stock mixture, 5% gels were polymerized in glass tubes (0.6 x 6.6
cm and 0.6 x 9.6 cm) using ammonium persulfate (1.5 mg/ml) as the
catalyst. Electrophoresis was carried out in a Canaloo Analytical Disc
Gel Electrophoresis Model 6 apparatus.
Two buffer systems were used to prepare the 5% gels: (a) TRIS-EDTAborate and (b) 0.04 M Histidine-NaOH. The TRIS-EDTA-borate gel buffer
contained 33 mM TRIS, 26.9 mM EDTA, 0.03% TEMED, and 20% glycerol; the
electrode buffer was composed of 82.5 mM TRIS and 2.7 mM EDTA and
adjusted to pH 9.0 with a saturated solution of boric acid. The 0.4 M
Histidine-NaOH gel buffer consisted of 5.4 mM Histidine-HCl, 0.037%
TEMED, and 20% glycerol and was adjusted to pH 9.0 with 1.0 M NaOH.
Electrophoresis was carried out at a constant current of 4 ma per gel
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column using bromophenol blue as the tracking dye.
The gels were stained either for NAD+-specific of NM)P -specific
IDH at 37 C in a reaction mixture conta.i.ning 300 mM potassium phosphate
buffer at pH 7.5, 6.0 nM MgCl2'4H2O, 0.24 mM nitro blue tetrazolium,
0.08 mM phenazine methosulf ate, 3.0 mM DL-isocitrate (trisodium), and
either 0.3 mM NAD + or 0.26 nM NADP+.

RESULTS
Purification of the Enzyme
Step I. Source of the enzyme. Stock cultures of Phycomyces
blakesleeanus (+), Vanderbilt strain, were maintained on agar slants
of glucose-asparagine medium of the following composition per liter:
asparagine, 3.0 g; glucose, 10.0 g; KH2PO4, 1.5 g; MgSO4-7H2O, 0.5 g;
thiamine, 0.2 mg; agar, 1.5%; and trace elements (added from a stock
solution of CaCl 2 , FeC g H 5 O 7 , and ZnSO 4 )—Ca 2 + , 80 mg? Fe 3 + , 0.3 mg;
and Zn^ + , 0.4 mg. The fungus was grown in glucose-asparagine broth
which was dispensed in 500 ml quantities in one liter Ehrlenmeyer
flasks. Media were inoculated with a heat-shocked spore suspension
(3 min at 60 C ) , and aerated by shaking at 100 oscillations per min
at 25 C in a New Brunswick Scientific Company Controlled Environment
Incubator Shaker. The mycelium was harvested after five days, washed
with distilled water, frozen and lyophilized in a Thermovac Freeze
Dryer.
Approximately 10 g of mycelium were suspended in 150 ml of the
sonicating buffer and the cells disrupted at 0 to 5 C by one of the
following methods: (a) sonicating with a Branson-Ultrasonics, Inc.
Sonifier Cell Disrupter Model W140D; (b) grinding with Glasperlen
using a mortar and pestle; or (c), the addition of 1.5 g of alumina,
bubbling dry nitrogen (N2) into the extract for fifteen minutes,
followed by homogenization in a Sorvall Omimixer at high speed for
15 seconds and extraction for 30 seconds. The homogenization and
11
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extraction were repeated four or five times. The crude extract was
then centrifuged in an International Centrifuge Model HT at 13/300
x g for ten minutes. The pellet was discarded and the supernatant
retained. All steps were carried out at 0 to 5 C. Table 1 shows
the results of an actual purification.
Step II. Protamine sulfate precipitation. A solution of protamine
sulfate (0.3 mg/mg protein dissolved in 20 ml of distilled water) was
added rapidly to the extract which was then stirred for ten minutes.
The heavy white nucleoprotein precipitate which formed was then removed
by centrifugation for ten minutes at 13,300 x g. An increase in
activity was usually noted in this step.
Step III. Ammonium sulfate precipitation, 0 to 45%. The supernatant from step II was dialyzed against an appropriate amount of
saturated ammonium sulfate solution for four hours to obtain a 45%
saturated extract. The extract was then centrifuged at 13,300 x g for
ten minutes, the pellet discarded and the supernatant retained.
Step IV. Ammonium sulfate precipitation, 45 to 70%. The supernatant
from step III was dialyzed against the appropriate amount of the saturated
ammonium sulfate solution overnight to precipitate out the IDH. A
series of fractionations were carried out beginning with 45 to 90%
saturation. The enzyme was subsequently found in the 45 to 70% fraction.
The precipitate was recovered by centrifugation at 13,300 x g and the
supernatant discarded. The pellet was dissolved in a small amount of
citrate-phosphate buffer.
A great amount of activity was lost in the arrmonium sulfate
fractionations. Upon dissolution of the pellet of the 45 to 70% for
ammonium sulfate precipitation, no activity was detected

TABLE 1
PARTIAL PURIFICATION OF NADP+-SPECIFIC ISOCITRATE DEHYDROGENASE
OF PHYCQMYffiSBIAKESIEEANUS.

Step

Volume

Total
Protein

Total
Units

Specific
Activity

Percent
Recovery

Purification

(ml)

Cmg)

Crude

212

4380

54.5

0.0124

100%

Protamine
sulfate

218

1322

56.0

0.0425

102%

0-45%
aitmonium
sulfate

120

744

38.5

0.0518

70%

4.2

45-90%
ammonium
sulfate

14

248

27.0

0.109

50%

8.96 X

Isoelectric
precipitation
of monemzyme
Protein

15.75

249

32.4

0.13

59%

10.48 X

2.91 X

X

U)
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spectrophotometrically. Apparently, sane of the enzyme was denatured
during the fractionations.
Step V. Isoelectric precipitation of nonenzyme protein. The
dissolved pellet was dialyzed against one liter of the citratephosphate buffer to remove the ammonium sulf ate from the extract and
simultaneously to precipitate out more nonenzymic protein. Dialysis
of the enzyme solution for more than one hour rapidly inactivated the
enzyme. The precipitate was removed by centrifugation at 11,300 x g
for ten minutes. This step yielded an increase in activity. Fifty
per cent of the activity was usually retained during purification.
pH Optimum
Enzyme activity as a function of pH was determined by buffering
the reaction mixture with 150 mM potassium phosphate buffer from pH
4.8 to 9.4. Enzyme activity increased up to pH 7.2, remained about
constant until pH 8.2, and then rapidly decreased (Figure 1). The
pH optimum was estimated to be 7.5 under the assay conditions employed.
Enzyme Stability
Temperature. NADP+-specif ic IDH activity was reduced rapidly at
temperatures above 0 to 5 C. Three portions of an extract were set
aside at 25 C, 10 C, and -12 C and assayed daily. A fourth was maintained at a temperature of -12 C for ninety days and then assayed for
enzyme activity. The results are presented in Figure 2. The fourth
retained 87% of its initial activity.
Reducing agents. The reducing agents dithiothreitol, reduced
glutathione, and 2-mercaptoethanol when used in concentrations ranging
from 0.3 to 1.2 mM in the reaction mixture did not enhance nor inhibit
the velocity of the catalyzed reactions under optimal conditions.
However, 1.5 mM 2-mercaptoethanol, 1.5 mM reduced glutathione, or 1.5

15

Figure 1. Determination of optimum pH for NADP+-specific
isocitrate dehydrogenase.
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itiM dithiothreitol afforded sane protection to inactivation when
incubated with the enzyme in potassium phosphate buffer (pH 7.5)
for four days at 25 C. The enzyme was completely inactivated in
the absence of a reducing agent. The enzyme was more stable at
25 C in the presence of dithiothreitol and 2-mercaptoethanol than
with reduced glutathione (Figure 3).
Purine Nucleotides
ATP did not affect enzyme activity. NADP+-specific IDH
activity was prevented when assayed with 1 mM to 10 mM ATP. The
addition of excess M n 2 + to the reaction mixture initiated enzymatic
activity. Enzyme inactivation was due to chelation of the Mn
thus making it unavailable to the enzyme. Neither 5'-AMP nor
ADP enhanced or inhibited activity.
Cofactor and Substrate Specificity
Ninety per cent of the enzymatic activity was lost when 0.5
mM Mg 2 + was substituted for the Mn 2 + as the cofactor in the assay.
Spectrophotometrically, NAD+-specific IDH was 0.8% that of
the NADP+-specific IDH when the fungus was grown with reduced
aeration in the Environmental Incubator Shaker at 100 oscillations
per minute. When the fungus was grown under conditions of forced
aeration by rapidly bubbling air through the media, the amount of
NAD+-specific IDH increased to 13.8%.
Citric acid and alpha-ketoglutarate were not acceptable as
substrates for NADP+-specific IDH.
Mpha-ketoglutarate in concentrations ranging from 4 mM to
20mM was incubated with the enzyme for two minutes. The reaction

18

Figure 2. The effect of temperature on the stability of
NADP -isocitrate dehydrogenase.
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Figure 3. The effect of various reducing agents on isocitrate
dehydrcgenase stability at 25 C.
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was started with the addition of 3.1 mM isocitrate. There was no
end-product inhibition.
Enzyme Kinetics
The Km values calculated from Lineweaver-Burke plots of enzyme
activity with respect to threo-Ds (+) -isocitric acid, NADP+, and
Mnr are 1.2 x 10~ 4 , 2.6 x 10" 4 , and 2.62 x 10~ 4 M (Figures 4, 5,
and 6 ) .
Isozymes
JYycelium was grown in media containing either glucose and
asparagine or sodium acetate and ammonium sulfate as the sole carbon
and nitrogen sources. The mycelium was harvested, washed with
distilled water, and homogenized. Crude, cell-free enzyme extracts
were prepared (see Enzyme Purification) and electrophoresed in
polyacrylamide disc gels (0.6 cm x 6.6 cm) with the TKES-EDTA-borate
continuous system. The enzyme of the glucose-asparagine-grown
mycelium had a mean Rf value of 0.165, and the enzyme of the acetateararonium sulfate-grown mycelium a mean Rf value of 0.162. These results
indicated that the same NADP+-specific IDH was produced by the fungus
under the two growth conditions.
Portions of crude and partially purified enzyme extracts prepared
from mycelia grown in glucose-asparagine medium either under forced or
reduced aeration were subjected to discontinuous disc gel electrophoresis
using the histidine-NaOH buffer system. The enzyme from the mycelium
grown under forced aeration migrated as three bands in polyacrylamide
gels (0.6 cm x 9.6 cm) as shown in Figure 7. The substrate control
had no bands. The gel incubated in the reaction mixture containing

23

Figure 4. Lineweaver-Burke plot for the determination of the
Km for threo-Ds(+)-isocitrie acid.
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Figure 5. Lineweaver-Burke plot for the determination of the
Km for NADP+.
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Figure 6. Lineweaver-Burke plot for the determination of the
Km for Mn2+.
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NAD + indicated a trace of activity at the top of the gel column.
No isozymes of NADP -specific IDH from fungus grown under reduced
aeration were detected.

30

Figure 7. Isozymes of NADP+-specific isocitrate dehydrogenase
from Phycomyces blakes leeanus grown on glucose-asparagine
medium with forced aeration. The isozymes are indicated
by arrows.
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DISCUSSION

The procedure described yielded approximately 50% recovery of
partially purified enzyme. NADP+-specific IDH occurred in low
concentrations (0.012 units/mg) in Phycomyces blakesleeanus. In
contrast, the enzyme was present in high concentrations in E. coli
(Reeves, et al, 1972), A. vinelandii, strain ATCC 9104 (Chung and
Franzen, 1969), and baker's yeast (Kornberg and Pricer, 1951) with
specific activities of 0.3, 1.5, and 0.6, respectively.
Enzyme stability was affected by buffer, temperature, . ~d pH.
At first, a 150 mM TEIS-HCl buffer (pH 7.5) was employed, but it was
noticed that 150 mM potassium phosphate buffer (pH 7.5) yielded
higher activity. NADP+-specific IDH from Phycomyces blakesleeanus
was sensitive to temperatures above 0 to 5 C.

It was necessary to

store the enzyme at -12 C and to carry out all purification steps at
0 to 5 C.

The isozymes from rainbow trout required similar storage

and purification at low temperatures (Moon and Hochachka, 1971).
However, the NADP+-specific isocitrate dehydrogenases from E. coli
(Reeves, et al, 1972) and baker's yeast (Fbrnberg and Pricer, 1951)
were not sensitive to higher temperatures. Like the enzyme from
A. vinelandii, strain ATCC 9104, (Chung and Franzen, 1969), the NADP+
-specific IDH from Phycomyces blakesleeanus when frozen was stable for
several months.
The protection of IDH activity at 25 C by the reducing agents
2-mercaptoethanol, reduced glutathione, and dithiothreitol indicated
the possible presence of some sulfhydryl-containing amino acids in the
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enzyme. The sulfhydryl groups were oxidized to disulfide bridges
thus inactivating the enzyme. The presence Of a reducing agent reduced
the disulfide bridge by breaking the bond and exchanging the sulfur
atoms for sulfhydryl groups and reactivated the enzyme (Cleland, 1964).
NADP+-specific IDH has absolute requirements for divalent
cations (particularly M g 2 + and Mn 2+ ) and a specific substrate.
Manganese ion resulted in ten-fold greater enzyme activity than Mg 2 + .
This is similar to the enzyme from E. coli (Reeves, et al, 1972).
The IDH from A. vinelandii, strain 0, was activated 100% and 65%,
respectively, by the cations M n 2 + and Mg

(Barrera and Jurtshuk, 1970).

The specific substrate of NADP -specific IDH is threo-Ds(+)-isocitric
acid; however, DL-isocitrate (trisodium salt, racemic mixture) was
used for economic reasons.
NADP+-specific IDH, the extramitochondrial catalyst for the
glycolytic oxidation and decarboxylation of isocitrate, is present in
the fungus regardless of the amount of aeration. The amount of aeration
does not appear to affect NADP -specific IDH incidence although the
NAD+-specific IDH is affected. Reduced aeration possibly deactivates
the electron transport system which, in turn, decreases the effectiveness
of the TCA cycle. Catabolism then might shift to other pathways which
can function under more anaerobic conditions. In poorly aerated cultures,
isocitrate is mainly broken down into alpha-ketoglutarate by the NADP + specific IDH. NADP+-specific IDH is not an allosteric (regulatory)
enzyme as are the NAD+-specific isocitrate dehydrogenases of various
organisms (Kornberg and Pricer, 1951; Atkinson, et al, 1965; eu.l
Bernofsky and Utter, 1967). If the enzyme were allosteric, an increase
in activity would have been observed upon addition of 5'-AMP, ADP, or
citrate to the cuvette. The AMP and citrate combine with an allosteric
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site which enhances the active site to increase activity probably either
by changing the configuration of the active site or by exposing the
active site.
The enzyme has a relatively high affinity for substrate, cofactor,
and coenzyme since the Km values of isocitrate dehydrogenases from
different species (10~4 to 10~ 5 M) are comparable (see Introduction).
The Rf values of the enzymes of the mycelia grown on media
containing either glucose and asparagine or sodium acetate and aninonium
sulfate as the sole carbon and nitrogen sources, respectively, indicated
the absence of isozymes. Rowe and Reeves (1971) detected different
isozymes in E. coli grown on media containing either glucose (two
isozymes) or sodium acetate (one isozyme different from either of the
two isozymes of the glucose-grown E. coli). In Phycomyces blakesleeanus
the carbon source does not appear to affect isozyme formation as it
does in E. Coli.
Disc gel electrophoresis resulted in the appearance of three band
upon staining of the gels in a reaction mixture containing NADP + and
isocitrate.
Isozymes probably play a role in the regulation of metabolism and
in environmental adaptation at the cellular level. In rainbow trout the
formation of particular isozymes is dependent upon the temperature of
the environment (Moon and Hochachka, 1971). Isozymes of NADP+-specific
IDH of E. coli appear to be sensitive to various carbon sources in the
media (Rowe and Reeves, 1971). Perhaps the three isozymes in Phycomyces
blakesleeanus are involved in a complex regulatory mechanism for
oontrolling the concentrations of isocitrate, oxalosuccinate, and alphaketoglutarate in the cells, thus regulating the TCA cycle. These
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intermediates, produced in the cytoplasm, can enter the mitochondria
and participate in the TCA Cycle. A detailed investigation of the
NADP+-spec±fic IDH isozymes would give insight into the significance
of their role in the metabolism of the fungal cell. To date the exact
metabolic role of isozymes has not been elucidated.
The detection of NftDP+-specific IDH isozymes in Phycorftyces
blakesleeanus is significant in that they have been detected only in
bacteria and vertebrates (Self and Weitzman, 1970; Reeves, et al, 1968;
Reeves, et al, 1972; and Moon and Hochachka, 1971) but not in fungi.
To the author's knowledge, this is the first report of NADP+-specific
IDH isozymes in fungi.

SUMMARY
NADP+-specific isocitrate dehydrogenase (threo-Ds(+)-isocitric
acid: NADP+:

oxidoreductase, [decarboxylat±ng] E. C. 1.1.1.42) was

isolated, partially purified, and characterized from a cell-free extract
of Phycomyces blakesleeanus (+ mating type, Vanderbilt strain). This
enzyme has been studied extensively in bacteria, vertebrates, and
yeast, but not in the filamentous fungi. The fungus was grown in
glucose-asparagine medium in shake cultures, and a crude, cell-free
extract prepared. The crude enzyme extract was then partially purified
by a combination of protamine sulfate, ammonium sulfate, and isoelectric
precipitation. Purification yielded about 50% recovery and an increase
of specific activity from 0.01 units/mg of protein to 0.13 units/mg.
This partially purified enzyme was used for the determination of sane
of its properties.
Factors affecting stability, substrate specificity, allosteric
properties, and kinetics and NADP+-specific IDH were investigated.
Optimal enzyme activity was obtained at pH 7.5 in 150 mM potassium
phosphate buffer at 25 C. The enzyme was most stable at 0 to 5 C. The
reducing agents, dithiothreitol, reduced glutathione, and 2-mercaptoethanol,
neither inhibited nor enhanced enzyme activity when used in concentrations
ranging from 0.3 to 1.2 mM. However, 1.5 mM solutions of the previously
mentioned sulfhydryl reducing agents protected the enzyme from
inactivation for two to three days at 25 C. ATP, ADP, and 5'-AMP did not
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affect enzyme activity. No activity resulted when citrate or alphaketoglutarate was substituted for isocitrate. The apparent Km's for
threorDs(+)-isocitric acid, NADP + , and M n 2 + were 1.2 x 10" 4 , , . 6 x 10~ 4 ,
and 2.62 x 10~ 4 M, respectively.
Disc gel electrophoresis was employed to determine the presence
or absence of isozymss. Ntycelia were grown under reduced aeration on
media containing either glucose or sodium acetate as the sole carbon
sources. No isozymes were detected by continuous disc gel electrophoresis
employing a TRIS-EDTA-borate system. However, three isozymes of
NADP -specific IDH were detected in mycelian grown in glucose-asparagine
medium with forced aeration when a discontinuous electrophoretic system
was used.
This enzyme has characteristics similar to other NADP -specific
isocitrate dehydrogenases from different species.
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